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ABSTRACT 

How often do bright optical transients occur on the sky but go unreported? To constrain the 
bright end of the astronomical transient function, a systematic search for transients that become 
bright enough to be noticed by the unaided eye was conducted using the all-sky monitors of 
the Night Sky Live network. Two fisheye continuous cameras (CONCAMs) operating over three 
years created a data base that was searched for transients that appeared in time-contiguous 
CCD frames. Although a single candidate transient was found (Nemiroff and Shamir 2006), the 
lack of more transients is used here to deduce upper limits to the general frequency of bright 
transients. To be detected, a transient must have increased by over three visual magnitudes to 
become brighter than visual magnitude 5.5 on the time scale of minutes to years. It is concluded 
that, on the average, fewer than 0.0040 (tdnr/60 seconds) transients with duration tdur between 
minutes and hours, occur anywhere on the sky at any one time. For transients on the order of 
months to years, fewer than 160 {td ur /l year) occur, while for transients on the order of years to 
millennia, fewer than 50 (tdur/1 year) 2 occur. 

Subject headings: methods: data analysis — methods: statistical 



1. Introduction 

Transients that become bright enough to be 
noticed with the unaided eye have been recorded 
on the night sky far back into human his- 
tory. Ancient records include, for example, 
bright supernovae such as the SN 1054 which 
reached an estimated visual magnitude of —4 
and created the Crab Nebula (jDuvnevdak 1942; 
M avail and Oortl Il942l ). Historically, naked-eye 
transients have helped inspire peoples to sto p 
wars and topple governments ([Goldman l2006lh 
Recent examples of transients reaching naked- 
eye brightness include the bright Comet Mc- 



Nau ght, which reached a visual magnitude near 



6 ( McNaught. Hug. Guido. Teamo. and Hoenig 



2007) in 2007 January, and Comet Holmes, which 
sustained a brightness near visual m agnitude three 
for months near the end of 2007 (IMoreno et alj 



20081: lEl-Houssienv. Pickering, fc Nemiroffl 12008 
Most recently a gamma-ray burst GRB 0803 19B 
reached na ked eye brightness for on the order o f 
one minute (|Cwiok et al.l2008tlBlooiri et alj2003) . 

Several different types of known, extra-terrestrial, 
astronomical phenomena can create transients 
that become bright enoug h for naked-ey e detec- 
tion. These include nova e (|Shafterl Il997h . super- 
novae ( Kunkel et al.|[l987 ). optical counterparts to 
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2000), and comets (|Hugheslll990l) . 



gamma-ray bursts (iNemiroff. Perez-Ramirez, and Cordelll 2004 ; Pickerinell2006l). Continuous operation in- 
2004tlCastrq -Tirado et al . 2001; lOfek. Gal - Yam. Lipkin. ShmraHQsalihfc Mrateafcfcfkat optical transients appear- 
2003 t | Bloom et al.l2008ft . microlensing dCollev and Got t| ing on clear ni ghts are recorded (jNemiroff fc Rafertl 
1995| : lNemirofllll9'98), stellar supe rflares (jSchaefer. King, a jd^MivMbmiasiost comprehensive fisheye sky moni- 
toring system to da te was Night Sky Live network 
of all-sky cameras ( Nemiroff et al.l [20031 ). At its 
peak in 2005, the first Night Sky Live network 
deployed eleven fisheye cameras simultaneously 
recording most of the night sky brighter than vi- 
sual magnitude five, most of the time. 

In this paper, data taken from three years of 
night sky coverage by two camer as in the Night Sky 
Live network of all-sky cameras (jNemiroff fc Rafert 
1999) is used to derive limits on the frequency of 



Alternatively, there are historical claims of 
optical transients that are not clearly matched 
to known astronomical phenom ena, such as the 
now discredited Perseus Flasher ( Katz et all Fl986: 



Schaefer et alj Il987bl ), which reportedly kept 
flashing near visual magnitude —1 at durations 
of less than one second. Conceivable, empirically 
discovered transients might not match up with 
any progenitor mechanism yet known, and there- 
fore be particularly interesting. 

In the past few years, several robotic tele- 
scopes have been deployed to searc h for opti- 



cal t r ansients of various magnitudes flCern et al 



20031 lAkerlof et al.1 liool IVestrand et al.1 12004 



Stee le et al.ll2004 iLipunov et al.ll2004l ; ISato et al 



20041) . Primary research goals of such telescopes 
include the discovery of supernovae and the op- 
tical counterparts to gamma-ray bursts. Bright 
transients detected originally in many wavelength 
bands have been reported in Circulars of the In- 
ternational Astronomical Union coordinated by B. 
Marsden, the Gamma ray bursts Coordinate Net- 
work (GCN) coordinated by S. Barthel my, and in 
the e mail based Astronomer's Telegram (jRutledge 
19981) . 



This paper focuses on a certain type of opti- 
cal transient - one that unexpectedly brightens 
by more than an order of magnitude during an 
observing campaign to become visible to the un- 
aided eye. This does not include, for example, 
Mira variables, as they are well known and pre- 
dictable. This also does not include transients 
created by planets eclipsing stars, as those would 
typically involve only a small change in the overall 
source's brightness. Optical transients that reach 
naked-eye brightness are quite rare. Detecting 
these transients could prove quite valuable, how- 
ever, as they are discoverable and trackable with 
even modest cameras. 

One approach of searching for bright optical 
transients is by deploying continuously operating, 
panoramic, all-sky cameras. The faintness lim- 
its on many all-sky cameras can be made similar 
to the unaided human eve dNemiroff et a"D 1200. 



naked-eye transients. Section [5] reviews how the 
results of transient searches can be converted to 
occurrence limits. Section |3] describes the obser- 
vations, hardware, and software used to search for 
naked-eye transients, and present the results of 
the search. Section 0] converts the search results 
to fundamental limits on the frequency of bright 
astronomical transients. Section [5] summarizes, 
gives discussion, and draws conclusions. 

2. Theory: Connecting Transient Searches 
to Transient Limits 

To connect results of a transient search to ac- 
tual limits on the event rates of transients is 
straightforward but sufficiently nuanced that a 
brief analysis is presented here. In sum, a hypoth- 
esis involving the abundance of transients is made 
and statistically compared with the observational 
result. In this simple canonical model, a transient 
instantly brightens by more than a given magni- 
tude amount from the beginning of an observing 
campaign. The transient then does not dip be- 
low this peak brightness for its duration tdur- A 
simple canonical observing campaign of duration 
t c is also assumed where consecutive exposures all 
have exposure duration t e . For a discussion on 
detecting transients that includes down time, op- 
timal frame rat es and statistical independence, see 
Nemirofj ([20031 ) . 



Nemi roff 2003; NcmirofL. Perez-Ramirez. andT^eT 
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The standard hypothesis that will be tested is 
that Ni instantaneously detectable transients of 
duration tdur occur randomly on the sky at any 
one time. Therefore, most simply, a hypothetical 
device that images the entire sky would enable the 
detection, on the average, of Ni transients on ev- 
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ery all-sky image. A more realistic device would 
have an angular efficiency factor of f a and a tem- 
poral efficiency factor of ft ■ Here f a is the fraction 
of sky that is being monitored, while ft is the frac- 
tion of time during the campaign that a transient 
could actually be detect ed. Variable na mes and 
nomenclature will follow Nemirofj ( 20031 ) . 

As discussed in some detail below, for given 
search parameters and transient durations tdur, 
the statistically independent number of trials 
Ntriai might differ from number of exposures taken 
during the observing campaign N c . The relation- 
ship between Ntriai an d Ni may involve ft, tdur, 
t e , or even t c . Once N tr iai is determined, however, 
then the grand number of transients N g detected 
during the observing campaign would be 

trialN- (1) 



N 



g = faN 



Note that it is not only the detection of light 
from transients themselves that is important here. 
Rather, what is searched for is the change in the 
brightness of a source. Otherwise, all detected 
stars would be classified as transients. 

2.1. Single frame transients 

When each exposure duration t e in the tran- 
sient search observing campaign is significantly 
greater than a given canonical transient duration 
tdur, only "single frame transients" of that dura- 
tion are usually expected. Single frame transients 
should generally be considered to be unreliable in- 
dicators of extra-terrestrial astronomical phenom- 
ena, as any number of local effects could mimic 
them, including cosmic-ray hits, satellite glints, 
and meteors. Cosmic ray hits cou ld be ru l ed out , 
however, based on image shape (jShamirl l2005bl ) 
or were several cameras to r ecord a transient in- 
depen dently. Satellite glints ( Nemiroff fc Bonnelll 
20051 ) and meteors could be ruled out with si- 
multaneous detections of sufficient parallax so as 
to create a minimum limiting distance of extra- 
terrestrial origin. Alternatively, a group of single 
frame transients might be believable as a statisti- 
cal ensemble. 

Mathematically, for transients with t e >> tdur, 
transients visible on one frame would not be ex- 
pected to be visible on any other frame. Therefore, 
for the purposes of statistics, a search for tran- 
sients on one frame should be considered statisti- 
cally independent of a search on any other frame. 



Each frame could be considered an independent 
statistical "trial" in a search for transients. There- 
fore, for single frame transients, effectively ft = 1 
and Ntriai = N c . Therefore, Eq. (P) for the grand 
total number of transients becomes 



N g = f a N c N. 



(2) 



Note that when t e » tdur, a transient is not 
"on" during the entire frame or frames when it is 
detected. Therefore, these fast transients would 
have to be brighter during their short reign to 
appear as bright as a seemin gly simil a r quies - 
cent source in the same frame iNemirofn (|l998bl ) . 
Given a limiting detectable brightness of a quies- 
cent source of Idim per frame, and assuming the 
transient occurs during a single frame, the limit- 
ing brightness of a transient source would need to 
be kransient > I dim{t e / 1 dur) to be detected above 
the quiescent limit. 

2.2. Multiple frame transients 

When a single transient is detectable on sev- 
eral consecutive frames, each frame should not be 
counted as a statistically independent trial. This 
is because a single long duration transient is much 
more likely to occur on successive frames than 
two independent transients. For time consecutive 
frames, the effective number of statistically inde- 
pendent trials is Ntriai ~ N c (t e /t du r)- More gen- 
erally, given the hypothesis that on average Ni 
transients exist instantaneously somewhere on the 
sky at any one time, the grand total of detected 
transients expected during an observational cam- 
paign is expected to be, given perfect time cover- 
age, N g = faNtrialNi ~ N c f a N t t e / t dur . 

In many practical searches, however, there are 
time lapses in time coverage due to clouds, day- 
light, or exposures missing for other reasons. In 
these cases the effective number of statistical trials 
is reduced by a "temporal efficiency" factor quan- 
tized as ft, the fraction of time during a campaign 
that, were a transient to start, it would be detected 
during the campaign as a transient. 

It is important to note that different f t factors 
may operate for different transient durations tdur- 
Consider, for example, a one week observing cam- 
paign. Further consider that due to clouds, every 
other night is completely missed. For transients 
with tdur ~ 1 day, the efficiency of exposures dur- 
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ing the week would be f t = 3/7. For transients du- 
rations on the time scale tdur ~ 1 week, however, a 
different ft fraction determines the effective num- 
ber of trials. This is because a one week transient 
that occurred any time during the week long ob- 
serving campaign would have been detected with 
near unit efficiency. Therefore, for week long tran- 
sients in this example, f t ~ 1. More generally, 

N trial ~ ftN c t e /tdur ■ 

For believability, an observer might demand 
that a "verified" transient occur on (at least) N ver 
frames, quite possibly time-consecutive frames. 
This would primarily affect the verified detection 
of transients near the exposure time of individual 
frames. As in the above case, this would reduce 
the effective number of statistically independent 
trials by a factor of N ver . Therefore, the effective 
number of trials would be 



N, 



trial 



ft t e N c 
Nver tdur 



(3) 



Also, the grand total number of verified transients 
of duration tdur expected during the observing 
campaign would then be derived from Eq. ([1]) to 
be 

fa ft te N c \ Af 



N ver tdy 



Ni. 



The situation is slightly more complicated were 
frames co-added. Assume that N a dd frames are 
co-added so that a transient is only visible on the 
co-added frames - it is too dim to be significantly 
detected otherwise. In this case, the effective num- 
ber of independent trials would again be reduced, 
and the resulting expressions can be found by sub- 



stituting N ver with N ve 
sions. 



•N a dd in the above expres- 



2.3. Transients lasting longer than the ob- 
serving campaign 

Limits on Ni can even be determined for tran- 
sient durations tdur greater than the entire dura- 
tion of the observing campaign t c . The important 
feature for detection here is that the transient's 
rise in brightness occurs during the observing cam- 
paign. It will be assumed here that a transient 
that declines in brightness will not be found be- 
cause it will not be searched for. 

Consider as an example a one week observing 
campaign's effort to detect a transient with a one 



year duration, such that Ni = 1, meaning that 
such a transient is likely to occur somewhere on 
the sky at any particular time. On average one 
measurable event will occur during that year - 
the rise of the transient. The chance that the rise 
occurs during any one week during that year is 
about 1 in 52, so that, effectively, for transients of 
tdur ~ 1 year, f t ~ 1/52. 

More generally, the effective number of trials 
Ntriai can be convolved with an f t that dips to 
less than one such that 



Ntriai ft t c ftdur- 

Therefore Eq. |T]) becomes 

'fat 



N g = f t f a Ni = 



tdur 



N, 



(5) 



(6) 



2.4. 



Frequency Limits from Null Detec- 
tions 



What is the greatest number of instantaneous 
transients Ni that is consistent with no transients 
being found (N act = 0) during the observational 
campaign? To find Ni, one might start with the 
intermediate question: How different is this N g 
from zero? Now the number of a that N g differs 



from zero is a 



Therefore, the difference 



between N g and zero in terms of a is 



(Ng - 0) 



(7) 



Choosing s as quantifying the upper limit on how 
high N g can become gives 

N g < s 2 . (8) 

Given now the relation Eq. {T]) this becomes 

Ni < t^—- (9) 



faN 



trial 



Now Ntriai can be expanded for each of the 
three cases discussed above. For the single frame 
transient, N tr iai = N c so that 



N < 



faN c 



(10) 



For the multiple frame transient, one substitutes 
Eq. © into Eq. © to get 



Ni < 



N ver td ur S 
N c f a ft t e 



(11) 
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For transients longer than entire observing cam- 
paign, one substitutes Eq. ((5]) into Eq. j9]) to get 



N < 



tc S 2 
fa td 



(12) 



2.5. 



Frequency Limits Given Actual De- 
tections 



What is the greatest number of instantaneous 
transients Ni that is consistent with the results of 
a campaign that observed N act actual transients? 
To find out, the logic of the above subsection is 
followed focusing on the question: How different 
is this N g from N act l As above, the standard devi- 



ation of the predicted N g is a = 



Therefore, 



the difference between N g and zero in terms of a 
is 



(Ng - N act ) 



(13) 



Choosing s as quantifying the upper limit on how 
high N g can become gives 

) 2 

— • (14) 



fi2 > (N 9 



N a 



This equation is quadratic in N g and has a physi- 
cal solution for N act > such that 



Ng < (N ac t + s 2 /2) + ^N act s 2 + s 4 /4. (15) 

Substituting in Eq. (TTJ) into the above equation 
yields 



v < (N act + S y2) + ^/N actS 2 + sy4 ^ 



fa N 



trial 



Single frame transients are again first consid- 
ered. Plugging in N tria i — N c for single frame 
transients into Eq. (flUl) yields 



Ni < 



(Nad + S 2 /2) + y/N act S 2 + S 4 /4 
fa N c 



(17) 



For multiple frame transients, using the Ntriai of 
Eq. ([3} yields 



N < 



ft t e N ( 



: ) [(N act +s 2 /2) + ^/N actS 2 + s 4 /4]. 



(18) 

For transients with durations greater than the ob- 
serving campaign, using the Ntriai of Eq. (|5|) 
yields 



V2) + \/]V^T7/4]. 

(19) 



3. Observations: A Three Year Search for 
Bright Astronomical Transients 

3.1. Hardware 

Two CONtinuous CAMeras (CONCAMs) from 
the Night Sky Live network were used for this 
project. These CONCAMs were located in Cerro 
Pachon, Chile, and the Canary Islands, off the 
west coast of northern Africa. Although other 
CONCAMs were running, transient detection soft- 
ware was only applied to data taken by these two 
cameras. Reasons that other cameras were not 
used include bandwidth, hardware, and remote 
computing power limitations. Each CONCAM in- 
cludes a CCD camera, a fisheye lens and an indus- 
trial PC running Linux Red-Hat. The CCD cam- 
eras used were SBIG ST-1001E. The lenses used 
were the SIGMA F4-EX. However, clouds, occlu- 
sions, and reduced sensitivity very near the hori- 
zon limited the search to approximately tt steradi- 
ans per clear frame. 

The CONCAM hardware would typically run 
continuously from nautical sunset to nautical 
sunrise. The resulting images are 1024 x 1024 
pixels, with approximately 2 16 gray-scale levels 
and recorded in FITS format. Each CONCAM 
recorded a 180-second exposure every 236 seconds. 
The reason for the 180 exposure duration related 
to the time before stars began to trail significantly 
on the image. The reason for the 236-second time 
between the beginnings of exposures is to allow 
for data read-out and to allow each CONCAM 
to begin exposures separated in time by exactly 
one sidereal day. The reason for separating expo- 
sures by exactly one sidereal day is to allow stars 
to return to known positions in the sky and on 
the CCD, allowing fewer and more manageable 
systematic effects. 

The CONCAM all-sky cameras were passive 
and did not track the sky. The wide-angle lenses 
allow recording full 2n steradians in one frame, 
and quiescent stars as dim as visu al magnitude 6 .8 
are visible near the image center (|Shamirll2005ah . 

3.2. Software 

Once taken, the images were transmitted 
to a central computer at Michigan Technolog- 
ical University, where they were made pub- 
licly available over a web server accessible at 
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http://nightskylive.net/ . Data for this project 



line catalog. The catal og used for comparison was 



were then analyzed for new astronomical tran- 
sients. 

The detection of optical transients in all-sky im- 
ages requires several logical steps. Before even the 
first transient was sought, it was useful to build a 
database of canonical images that are known not 
to have a transient that can then be compared to 
images that might contain a transient. For this 
project, this was done by co-adding several im- 
ages taken on a clear night at the same sidereal 
time. A detailed description of this mec hanism is 
described in (Sh amir fc Nemirofdl2005bh . 

Each source that is detected above 40a on a pa- 
trol frame is compared to the same source position 
on the comparison frame. A threshold of 40<r was 
found to give a resultant rate of candidate single- 
frame transients that could be checked by humans. 
If that source is not detected on the comparison 
frame, meaning specifically that no source above 
2a is detected there, then it has passed the first 
cut and is a candidate transient. 

Note that the high 40a change insures a min- 
imum amount of variability in actually detected 
transients. Surely every source is variable at some 
low level, but the transient sources searched for 
here must be variable above some minimum level 
to be detectable here. What is that level? Given 
a background level of 1000 counts, a typical level, 
40a over background corresponds to about 1200 
additional counts, or about 2200 raw counts. As- 
sume a quiescent source was as bright as 2a over 
background previously and had gone undetected. 
The source would then have undergone a change 
from 64 to 1200 counts. This corresponds to a fac- 
tor of about 18.75, or a variability of about three 
magnitudes at minimum. 

After the comparison frame cut, any surviving 
candidate transient is then searched for in an on- 



the Hipparcos catalog ijPerrvman et al.lll997h . In 



Color 


Visual Magnitude 


A 


5.1 


F 


5.2 


G 


5.3 


K 


5.6 


M 


5.8 



this way, several candidate transients were later 
identified as variable stars. 

Even after the catalog comparison cut, most 
candidate transients turned out to be single frame 
events that were not astronomical in origin. There 
are many routes to creating single-frame "back- 
ground" transients that may initially appear to be 
astronomical in nature. Hot stuck pixels, cosmic 
rays, Moon-ghosts, satellite glints all provided a 
background for single frame transients, while plan- 
ets provided a background for multiple frame tran- 
sients. 

One important step in rejecting background 
single-frame events was the rejection of pix- 
els dominated by cosmic-ray generat ed counts 
(|Shaw fc Horij|l992tlFixseii et alJl200Ch . typically 
made use of t he non-point source nature of cosmic 
ray splashes ( Shamir fe NemirofI 2005c[) . Bright 
planets are also rejected using a star recognition 
algorithm designed to find astronomical objec ts in 
wide angle frames (jShamir fe NemirofdEj05ah . 

Due to the relatively high density of artificial 
objects in orbit around the earth, one can expect 
that many single-frame candidate transients are 
actually sun glints from these artificial obi ects 
(jSchaefer et alJll987at IVarady fc Hudedll992( i. In 
fact, some flashes that were suspected to be true 
astronomical transients (jHallidav. Feldman fc Blackwell 



19871 ) appeared late r to be nothing but fore ground 



near-earth flashes ( Schaefer et al. 1987bl ). An 



Table 1: CONCAM stellar visual magnitude of a 
40o- PSF 



other source of back ground flashes is br i ght me - 
teors and fireballs ([Shamir fc Nemirofll l2005d) . 
When the trajectory of a meteor is oriented to- 
ward the camera, the meteor might have a point 
spread fu nction (PSF) that appear s similar to that 
of a star (jBrosch fc ManulidExjl . 

Even given these rejections, the non-astronomical 
background remained so high that little trust was 
placed on the hypothesis that any transient that 
appeared on a single frame was astronomical in 
origin. Therefore, subsequent cuts by the software 
demanded that candidate transients be signifi- 
cantly brighter than frame background and were 
found in more than one consecutive CONCAM 
frame. Frames taken at the same time from other 
CONCAMs were compared as well, but this step 
was only used to confirm candidate transients. 
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Although the CONCAM exposure duration was 
chosen to be just long enough so that most stars 
don't trail significantly, in fact most star centroids 
do trail by a few pixels each exposure. This seem- 
ingly disadvantage was used here to find transients 
that rotated with the sky. If the PSF of the flash 
seems to trail to the same direction of nearby stars, 
this is an indication that the transient had little 
angular motion relative to these stars, and so the 
trail might be caused by the rotation of the Earth. 
Flashes with non-trailing PSFs were interpreted 
as either very short flashes or flashes from tran- 
sients that rotated with the Earth, such as geosyn- 
chronous satellites ( Shamirll2005bl ). 

Once a flash is recorded it is compared to pre- 
vious images to check if the flash is persistent and 
rotates with the sky. If a flash appears to be ro- 
tating with the sky for at least two images, the 
system ale rts on that flash as an optical transient 
candidate (S hamir et al. I l2006h . 



3.3. Angular Efficiency 

To estimate the angular fraction of the sky f a 
visible during each frame, it is noted that each 
CONCAM all-sky camera sees the entire sky over 
the horizon, which amounts to 2tt steradian. How- 
ever, the area nearest the horizon has low visibil- 
ity, and the automated source search only oper- 
ated at 20 degrees over the horizon. This means 
that about 34 percent of the sky is ignored, yield- 
ing an effective search area, per CONCAM, was 
about 4.1 steradians. Together, the two CON- 
CAMs had a higher search area, but for sake of 
conservative limits the total search area will be 
considered to be 4.1 steradians. Dividing by the 
total angular area of the sky, At: steradians, it is 
found that the total fraction of sky monitored per 
exposure is about f a ~ 4.1/(47r) ~ 0.33. 

3.4. Temporal Efficiency 

The transient detection mechanism started op- 
erating in October 2003 in La Palma, Canary Is- 
lands, and another station started operating in 
Cerro Pachon, Chile in September 2004. 

The present search was not uniformly sensitive 
to transients of all durations. Here the sensitiv- 
ity of the search to transients of all durations tdur 
will be assessed. The search sensitivity to tran- 
sients of the shortest durations will be evaluated 



first: those lasting less than 12 minutes. These 
might be seen on individual campaign frames but 
could not exist on three consecutive and indepen- 
dent frames. Transients this short would therefore 
be considered unverified and hence not reported as 
a discovery, so that f t ~ 0. 

Next, the temporal efficiency f t is evaluated for 
a transient with tdur °f 12 minutes. A 12 minute 
transient would likely not be missed were it to oc- 
cur during a clear, moon-free time when a CON- 
CAM was operating. On the average, CONCAMs 
run 8 hours during any 24 hour period, which is 
0.33 of a day. Also, on the average, CONCAMs are 
able to record transients only about one night in 
four, due to weather, bright moon time when the 
software is not runn ing, and equipment problems 
(jPereira et al.ll2005l ). Therefore, were a 12 minute 
transient to occur in the field of a CONAM during 
this three year campaign, the chance of it actually 
being recorded is about f t ~ 0.33/4 ~ 0.0825. 

Next, a transient with a duration of one hour 
is considered. This situation is very similar to the 
12 minute transient, and the estimated efficiency 
factor would be f t ~ 0.33/4 - 0.0825. The same 
logic holds true for transients of duration 8 hours. 

Next, let's consider a transient with a duration 
of one week. Here the situation is a little different. 
The fact that CONCAMs only operate for on av- 
erage 8 hours a day becomes irrelevant. This is be- 
cause a CONCAM operating only 8 hours is sure 
to catch a one-day transient in at least three of 
its many independent exposures during the night. 
Therefore, the 0.33 of a day factor should be ex- 
cluded. The other efficiency factor, that CON- 
CAMs obtain useful data only one night in four, 
is still important, however. Therefore, for the one 
day time scale, ft ~ 0.25. 

Next, let's consider a transient with a duration 
of one month. Here the situation is again differ- 
ent. Here the fact that CONCAMs operate only 
one night in four also becomes irrelevant. This 
is because CONCAMs certainly run at least one 
night every month, and during this night there 
would surely be at least three independent expo- 
sures that could detect the transient. Therefore, 
for the one month time scale, ft ~ 1. 

Next, let's consider a transient with a duration 
of one year. Since CONCAMs operated during 
each year of the three year campaign, surely at 
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least three independent exposures would be car- 
ried out that would detect the transient. Note 
that even a transient that started the night be- 
fore the campaign ended would likely be found, so 
that the sensitivity to transients of one year of this 
three year campaign is very nearly indeed ft = 1. 
Note, however, that a transient that started before 
the campaign started - or on the first day of the 
campaign, might not have been recorded by this 
campaign because it would have been included in 
the canonical frames against which transients are 
compared and hence discovered. 

For transients of durations of tdur = 3 years, 
the logic is the same as for tdur — 1 year, so that 
/t~l. 

Next, let's consider a transient of duration of 
tdur — 10 years. Transients of durations longer 
than three years last longer than the entire ob- 
serving campaign. There is a chance the tran- 
sient remained constant within the quiescence cri- 
teria all during the observing campaign, as so was 
identified as a star and not a transient. For this 
reason, as discussed in an above Section, f t will 
be less than unity for transient durations greater 
than the duration of the observing campaign. Here 
ft = t c /tdur ~ 6/10 = 0.3. Similarly, for tran- 
sients of tdur — 100 and 1000 years, ft is equal to 
0.03 and 0.003 respectively. The relation between 
ft and tdur is shown in Table 1 and depicted graph- 
ically in Figure 1. 

3.5. Number of Exposures 

To estimate the total number of exposures 
taken during the campaign, N c , it is noted that 
each CONCAM camera takes on average ~140 
images per night. Since o nly 25% of the im - 
ages are clear and moon- free ( Pereira et al. 20051 ). 
though, each ca mera produces ~35 clear im ages 
per calendar day ( Shamir fc Nemiro ff 2006b). For 
a campaign time of three years, this yields approx- 
imately m ~ 38,300. 

3.6. Search Results 

Only a single multi-frame transient survived 
both software detection and ve tting by the au- 
thors (jNemiroff fc Shamirll2006al ). This candidate 
transient lasted about 12 minutes, was seen on 
three time-consecutive CONCAM frames from the 
Cerro Pachon CONCAM and the (only) two time- 



coincident frames from the Canary Island CON- 
CAM. The event was labeled OT060420 where 
"OT" stood for optical transient, and the num- 
bers corresponded to the date the candidate tran- 
sient occurred. The transient software described 
above alerted on OT060420 in near real time and 
the possibility that the event was a real astro- 
nomical transient was considered high enough on 
initial inspection to release the images and po- 
sition of the transient immediately to the GCN 
global network for follow-up observations. Soon 
thereafter a second report indicated that the tran- 
sient was not recorde d by a some what-inferior 
third all-sky camera ( Smette 2006h led to the 
hypothesis that the recorded source w as not as- 
tronomical (|Nemiroff fc Shamirl l2006bl ) . The na- 
ture of the transient remains controversial, with 
some astronomers interpreting t he event as a new 
type of astronomical transient (jPaczvns kl l2006h . 
A detailed analysis of this event is described in 
(IShamir fc Nemirofj [2006b] ). 



4. Fundamental Limits on Bright Optical 
Transients 

The below discussed results were obtained by 
including the above discussed search parameters 
and efficiencies into Eqs. Ip] D21 US ED) ■ Limits 
on the all sky prevalence of optical transients Ni 
were placed demanding s = 2a upper limit. 

Table 2 summarizes the limiting maximum 
number of transients instantaneously visible on 
the sky at any one time: iVj, as a function of 
transient duration tdur ■ The first column of Table 
2 shows the transient duration tdur to which the 
current campaign was sensitive. The second col- 
umn of Table 2 shows the angular efficiency factor 
f a , which holds for all transients in the transient 
search campaign reported here. The third column 
of Table 2 shows the temporal efficiency factor f t 
for a transient of duration tdur in the observing 
campaign reported here. 

The fifth column of Table 2 shows Ni, the 
maximum number of transients that can be ex- 
pected to be on the entire sky at any one time 
with the duration listed in the first column, given 
that the single successful candidate reported in 
Shamir fc Nemirofil (|2006bl ) is considered real. As 
indicated above, this is a 2a upper limit. In other 
words, it is possible to have fewer transients on the 
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sky than this limit, but not more. The fourth col- 
umn in Table 2 similarly shows Ni, but this time 
assumes that the observing campaign found no 
transients, essentially assuming that the candidate 
transient reported in Shamir fc Nemirofl ( 2006bl ) 
was not astronomical in nature. 

The relations between t^ ur and Ni are shown 
graphically in Figure 2. Generalizing the above 
results, it is concluded that, on the average, less 
than 0.0040 (tdur /GO seconds) transients with du- 
ration tdur occur on the sky at any one time, when 
tdur is on the order of minutes to hours. For tran- 
sients on the order of months to years, fewer than 
160 (tdtir/1 year) occur on the sky at any one time. 
For transients on the order of years to millennia, 
fewer than 50 {td, ur /l year) 2 exist. 

5. Discussion and Conclusions 

An automated digital search was conducted for 
optical transients that would have been visible to 
the unaided eye. The search lasted for three years, 
involved two CCD cameras, and thousands of fish- 
eye frames. Transients that brightened by more 
than three magnitudes to become visual magni- 
tude 5.5 or brighter were detectable. Only a sin- 
gle candidate optical transient was found. It is 
therefore concluded that such transients on the or- 
der of minutes are rare, with N < 0.004 (idur/60 
seconds) transients on the sky at any one time. 
Longer duration transients, however, are not so 
strongly excluded, with less than 160 transients of 
order one year appearing on the sky at any one 
time. 

Informal anecdotes about naked-eye transients 
seen by humans could be interpreted as indicating 
that bright transients could exist at a rate signifi- 
cantly in excess of that found here. In that sense, 
the transient rate reported above is one of the first 
true limits on extremely bright transients. 

Additionally, the above quoted limits do not 
appear to be in conflict with the rates of any 
known transient phenomena with the possible 
exceptions of comets. As comets may also be 
a good test case, they are discussed specifically 
here. The Astronomy Pictu re of the Day website 
( Nemiroff and Bonnel]|[l995 ) has reported that 12 



LINEAR WM1 in 2002, Ikeya-Zhang in 2002, 
LINEAR T7 in 2004, Bradfield in 2004, NEAT 
Q4 in 2004, Machholz in 2005, Pojmanski in 2006, 
McNaught in 2007, and Holmes in 2007. 

Only the comets listed for 2004 through 2006 
occurred during our transience campaign. Of 
these comets, only Comet Machholz and Holmes 
were detected on CONCAM frames. Comet 

Holmes was detecte d by eye after the transience 

camp aign had ended (|El-Houssienv. Pickering, fc Nemirofl 
20091) . Comet Machholz, however, was detected 
repeatedly by the transience software, but not 
included because its origin was known. 

Both Comet LINEAR T7 and Comet Bradfield 
were either too dim or too low in the sky to trigger 
the automated search. As some comets brighten 
only as they near the Sun, the later category is 
not a surprise. Comet NEAT Q4 was too far south 
to trigger the northern Canary Island CONCAM 
when it was bright enough to have done so. Comet 
Pojmanski was just too dim for CONCAMs to de- 
tect. 

It is interesting to wonder if comets were not ex- 
plicitly considered, would their transient rate have 
been in excess of that excluded by the CONCAM 
transience campaign? The APOD comet statis- 
tics roughly translate into about one comet "tran- 
sient event" potentially detectable per year some- 
where in the sky to our search paradigm. Esti- 
mating that the average visibility time for a comet 
is about one week results in the total number of 
comet transients on the sky at any one time as 
N ~ 0.019. Given the angular and temporal ef- 
ficiency factors listed in Table 2 of f a ~ 0.33 and 
ft ~ 0.25 for a transient of one week duration, the 
grand total number of transients expected in this 
campaign would be N g ~ faftN ~ 0.0016. This 
number is significantly less than - and so consis- 
tent with - the upper limit of 19.1 transients found 
in the above analysis, listed in Table 2, and shown 
in Fig. 2. 



comets that have become visible to the unaided 
eye since 1995. These comets are Hyakutake in 
1996, Hale-Bopp in 1997, LINEAR A2 in 2001, 



Besides OT060420 (jShamir fc Nemiroffll2006bD . 
no other unexplained transients satisfied the re- 
quirements of our automated transient detection 
algorithm. On occasion, the locations of GRB af- 
terglows were double checked by hand, but none 
were found or expected. Contrastingly, variable 
stars Mira, \ Cygnus, and (3 Lyra were detected 
by the automated software, but excluded by the 
authors because their origin was known. 
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Transient 


Angular 


Temporal 


Maximum 


Maximum 


Duration 


Efficiency 


Efficiency 


Transients 


Transients 


(units) 


fa 


ft 


Ni,N act = 


^Nact = 1 


12 minutes 


0.33 


0.0825 


0.062 


0.046 


1 hour 


0.33 


0.0825 


0.345 


0.230 


8 hours 


0.33 


0.0825 


2.76 


1.84 


1 week 


0.33 


0.25 


19.1 


12.8 


1 month 


0.33 


1.0 


20.5 


13.7 


1 year 


0.33 


1.0 


250 


166 


3 years 


0.33 


1.0 


749 


499 


10 years 


0.33 


0.3 


8,320 


5,550 


100 years 


0.33 


0.03 


8.32E5 


5.55E5 


1,000 years 


0.33 


0.003 


8.32E7 


5.55E7 



Table 2: A table of transient durations and their corresponding maximum number of transients possible on 
the sky. 



In the future, it would be possible for CONCAM- 
like devices to search for objects fainter than 
"naked-eye", but this campaign did not do so. 
Possibly the simplest methods would involve 
longer exposures and co- adding exposures. Such 
methods would become significantly more difficult 
at the backgrou nd brightness of an empty pixel 
(jNemironl 120031 ). which corresponds to about vi- 
sual magnitude 8 for the CONCAMs used in this 
campaign. Other methods geared toward discover- 
ing fainter transients might increase the aperture 
size of the system or decrease the pixel size and 
hence the background noise. 
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f, (temporal efficiency) 
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Fig. 1. — The temporal efficiency of the three year 
transient search as a function of the duration of 
the transient. 



Nj (maximum number) 
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Fig. 2. — The maximum number of instantaneous 
transients that appear anywhere on the sky at any 
given time. 



